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The pulsed application of n = 3 magnetic perturbation fields with amplitudes below that which triggers
ELMs results in distinct, transient responses observable on several edge and divertor diagnostics in NSTX.
We refer to these responses as Sub-Threshold Edge Perturbations (STEPs). An analysis of edge measure-
ments suggests that STEPs result in increased transport in the plasma edge and scrape-off layer, which
leads to augmentation of the intrinsic strike point splitting due to error fields, i.e., an intensification of
the helical divertor footprint flux pattern. These effects are much smaller in magnitude than those of trig-
gered ELMs, and are observed for the duration of the field perturbation measured internal to the vacuum
vessel. In addition, STEPs are correlated with changes to the MHD activity, along with transient reduc-
tions in the neutron production rate. Ideally the STEPs could be used to provide density control and pre-
vent impurity accumulation, in the same manner that on-demand ELM triggering is used on NSTX,
without the impulsive divertor fluxes and potential for damage to plasma facing components associated
with ELMs.

Published by Elsevier B.V.
1. Introduction

The application of small non-axisymmetric magnetic field
perturbations has been found to significantly affect edge plasma
transport and stability in tokamaks. Applied non-axisymmetric
fields are now regularly used to control edge localized modes
(ELMs) on a large number of devices [1–6]. On NSTX, previous
experiments have demonstrated paced triggering of ELMs [7,8]
and modification of the divertor heat and particle fluxes [9,10]
with n = 3 applied field perturbations. It was shown that paced
ELM triggering allows for control over the secular density rise
and impurity accumulation in otherwise ELM-free H-modes. On
the other hand, a significant fraction of the plasma stored energy
is lost during each ELM, even at the maximum possible triggered
ELM frequency. The maximum triggering frequency is limited in
the current system by vessel eddy currents as the perturbation
coils are external to the vacuum vessel. The divertor heat and
particle load during an ELM may become a problem in future
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devices, such as the planned NSTX-Upgrade [11]. To mitigate or
eliminate these deleterious effects, it is important to pursue tech-
niques which may lead to density control and reduced impurity
accumulation in plasmas free of large ELMs.

One possible route to such an operating scenario is through the
pulsed application of n = 3 perturbation fields of an amplitude and
duration below that which causes ELMs to be triggered. It has been
shown in previous experiments that ELMs are triggered by pertur-
bation fields at NSTX when the applied pulse exceeds a certain
‘threshold’ that is a function of the pulse length and magnitude,
as well as the plasma configuration [12]. That is, if the pulse ampli-
tude (or duration) is continually decreased compared to a wave-
form that causes reliable ELM triggering, ELMs are destabilized
only infrequently, and finally no ELMs are triggered. In this paper
we do not attempt to quantify the parameters of this threshold,
however we will refer to perturbation field waveforms as sub-
threshold, meaning that ELMs are triggered infrequently or not at
all. It was found that perturbation field pulses near the threshold
generate a small transport response even when an ELM is not trig-
gered. We refer to these transport responses as Sub-Threshold
Edge Perturbations (STEPs). A characterization of the STEPs, mea-
surable on several edge and scrape-off-layer (SOL) diagnostics is
presented here.
/dx.doi.org/10.1016/j.jnucmat.2013.01.077
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Fig. 1. (a) RWM coil current waveforms and (b) internal magnetic measurements
showing the lag of internal field perturbation due to vessel eddy currents.
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2. Experimental setup

In NSTX, 3D field pulses are applied using a midplane coil set
normally used for error field correction and resistive wall mode
(RWM) feedback control [13]. In the experiments discussed here,
these ‘RWM coils’ have been configured to apply an n = 3 field.
The coils are external, but close fitting, to the vacuum vessel. Eddy
currents induced in the vessel cause the internal field perturbation
to lag the coil current waveform. Fig. 1a shows the coil current
waveform for two different pulse trains: 6 ms square pulses (black,
solid line) and 3 ms square pulses (blue2, dot-dashed line). The
internal field perturbation is measured by magnetic sensors lo-
cated �10 cm from the plasma, and peaks at the end of the current
pulse (Fig. 1b). The perturbed field amplitude decays over �10 ms.
The addition of a current spike of the opposite sign at the end of the
pulse can greatly reduce the decay time (see Fig. 2a).

Several pulse trains that did not result in the regular triggering
of ELMs have been investigated. Above a nominal current ampli-
tude, �1 kA, STEPs are measurable. One case is examined in detail
below, with the effect of other pulse duration and amplitudes dis-
cussed briefly at the end of Section 3.1. NSTX Discharge 138146
was configured to have 3 ms, 2 kA square pulses applied at 40 Hz
(Fig. 1, dashed blue line). The pulses are used in addition to the
n = 3 error field correction, but as will be shown in Section 3,
‘intrinsic’ strike point splitting is observed due to error fields. These
discharges have lithium wall coatings, with 200 mg of lithium in-
jected per shot, and are free of ELMs in the absence of 3D fields.
The plasmas are near double null, with dsep

r � �5 mm, where dsep
r

is the radial distance between the separatricies at the outboard
midplane, with high triangularity d = 0.8, and moderate elongation
j � 2.3. The toroidal field strength Bt = �0.5T, with Ip � 800 kA, and
4 MW of neutral beam power injected.
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Fig. 2. (a) RWM coil current and internal magnetic field perturbation resulting in
both triggered ELMs and STEPs. Effects are visible on (b) Da emission, (c) radiated
power, (d) USXR light, and (e) neutron production.
3. Characterization of STEP responses

The application of non-axisymmetric fields is known to affect
both the transport and stability of tokamak plasmas. Generally,
even small levels of asymmetry can lead to increased collisional
transport, rotation damping, and the creation of magnetic islands
and stochastic field regions [14]. In NSTX, the application of n = 3
pulses above a threshold level results in robust and controllable
triggering of ELMs and modification to the kinetic profiles in the
pedestal region [7,8]. The pulses have also been observed to trigger
an enhanced confinement regime known as enhanced pedestal H-
mode [15] in NSTX. In addition, 3D fields alter divertor heat and
particle flux profiles through augmentation of the intrinsic strike
point splitting and changes in the recycling properties in NSTX
[8,9] and other tokamaks [16–19].

On NSTX, applying n = 3 pulses near the ELM triggering thresh-
old level results in unreliable triggering, as shown in Fig. 2. The
pulses that do not trigger ELMs nevertheless cause STEPs, measur-
able in, e.g., the Da light (Fig. 2b), radiated power (Fig. 2c) and soft
X-ray emission from the plasma edge (Fig. 2d), and the neutron
production rate (Fig. 2e). The effects of a STEP can be broadly di-
vided into two categories, changes to the edge, SOL, and divertor
transport; and modification of the MHD activity, followed by a
drop in the neutron production rate. The time response of the for-
mer is generally proportional to the internal field perturbation,
approximately symmetric in time, peaking at internal field maxi-
mum. The modification of the magnetohydrodynamic (MHD)
activity occurs on a faster timescale, �0.1–0.3 ms after the
application of the n = 3 fields, accompanied by the reduction in
2 For interpretation of color in Figs. 1 and 6, the reader is referred to the web
version of this article.
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the neutron rate. STEPs are clearly distinct from triggered ELMs,
both in magnitude and timescale.
3.1. Effect of STEPs on edge, SOL, and divertor transport

Fig. 3 shows the Da emission measured by (a) 1D CCD camera
and (b) a filterscope viewing the divertor. During this time window
no ELMs are triggered. Each n = 3 pulse results in a �50% increase
in Da emission and ‘augmentation’ of the intrinsic strike point
splitting, i.e., a general increase in the magnitude and number of
observable flux peaks. The maximum in the Da signal occurs at
the maximum of the internal field perturbation. Two radial profiles
are shown in Fig. 4, during the pulse (blue) and between pulses
(black). The pulses generally result in a small reduction in the
primary peak (R � 32 cm), while the other profile peaks due to
the error fields are increased in magnitude. Additional peaks are
observed near R = 52 and 61 cm. We interpret these measurements
as evidence of a topological field structure that occurs from the
superposition of the vacuum applied n = 3 fields and the
/dx.doi.org/10.1016/j.jnucmat.2013.01.077
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Fig. 3. Da measurements from (a) 1D CCD divertor camera, (b) divertor filterscope
showing augmented strike point splitting due to STEPs.
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Fig. 4. Radial profiles of Da emission between 3D field pulses (black, t = 424 ms)
and during a pulse (blue, t = 428 ms). Dashed lines indicate divertor probe radii. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 6. Divertor particle flux measured by a triple probe array at the lower divertor.
Each STEP results in a modification that varies with radial position.
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axisymmetric equilibrium fields. In this ‘vacuum approximation’
the axisymmetric separatrix is split into stable and unstable man-
ifolds [14], resulting in a 3D field structure where fieldlines fol-
lowed from within the unperturbed separatrix trace out a series
of helical lobes that intersect the divertor plates in a striated pat-
tern [9,16–19]. Higher fluxes are expected where long connection
length fieldlines guide heat and particles from the pedestal region
to the divertor. This structure and the resulting divertor patterns
exist before the application of the perturbation fields due to error
fields in these discharges, i.e., the invariant manifolds are decom-
posed before the STEP. The STEPs result in an augmentation of
the divertor fluxes, suggesting increased transport into the SOL
resulting in the lobes being ‘filled’ with hotter plasma increasing
the measured emission. As the error fields are also dominantly
n = 3, a gross change in the lobe structure due to the applied fields
is not expected [10]. The striated pattern is clearly shown in Fig. 5,
viewed by a Phantom camera filtered for Da light [20]. Fig. 5 shows
the augmentation of the intrinsic splitting directly, the ‘back-
ground’ emission before the n = 3 pulse application has been sub-
tracted from the emission during the pulse.

Fig. 6 shows the ion saturation current measured by a radial ar-
ray of triple probes located at the lower divertor (R = 63–71 cm).
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For these high triangularity plasmas the probes are located in the
far-SOL region. The n = 3 pulse times are indicated by vertical
dashed red lines. At the inner radii, the ‘grassy’ behavior and the
average current (1 ms average, orange line), decrease during and
immediately following the pulses. At the outer radii the magnitude
of the spikes and the average current increases. The radial location
of the probes is indicated by vertical dashed lines in Fig. 4. The fluc-
tuations in the far-SOL indicate a highly skewed distribution of
fluxes, a common characteristic in turbulent plasmas [21], and
the different behavior as a function of radius suggests that the
n = 3 pulses are affecting the turbulence properties.

Regular perturbations are also observed on several chords of an
ultrasoft X-ray (USXR) imaging system viewing in a poloidal array
and a bolometer array viewing toroidally along the midplane. The
outermost USXR signal is shown in Fig. 7c, and an edge bolometer
chord in Fig. 7b. The effects are localized to the outer chords of
both systems (wN > 0.5, where wN = (w(R,Z) � waxis)/(wsep � waxis)
is evaluated at the point of tangency). While the radiated power
in several edge chords shows regular modulations correlated with
the n = 3 pulses, no significant impact in the total volume inte-
grated radiated power is observed.

The STEP behavior described above is also observed for RWM
coil square pulses of different duration and amplitude. The dura-
tion of the STEP response is linearly proportional to the duration
of the applied field. In general, a larger RWM coil current
200 300
ngle (Deg.)

sion before the pulse has been subtracted.
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Fig. 7. (a) RWM coil current, (b) radiated power, and (c) USX light for discharge
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amplitude results in a larger STEP response, e.g., a larger increase in
the USXR intensity. The effect of different waveforms will be exam-
ined in a future experiment.
3.2. Effects on neutron production and MHD activity

In these experiments the neutron production rate, measured by
a fission chamber, shows a regular modulation (Fig. 8b). At each
STEP, the neutron rate transiently drops by �5% over a �5 ms per-
iod (comparable with the n = 3 pulse duration), and then recovers
on a longer timescale (10–20 ms). As TRANSP [22] calculations
show that the neutron production in NSTX is mostly due to
beam–target reactions (�85%), the observed drops suggest that
STEPs may influence confinement of beam ions. This is also indi-
cated by the response of the activity of MHD modes in the 0.5–
1.5 MHz range of frequencies, thought to be Compressional and/
or Global Alfvén Eigenmodes [23]. These are plasma modes, desta-
bilized through resonance with beam ions. Changes in the bursting
frequency and mode amplitude are observed (Fig. 8c), possibly
associated to a modification of the fast ion drive. STEPs can affect
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Fig. 8. (a) RWM coil current, (b) neutron rate, and (c) spectrogram of a Mirnov
probe signal in the 0.5–1.0 MHz frequency range, showing the bursting/chirping
MHD activity from CAE/GAE modes.
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fast ion confinement through (1) modification of the background
kinetic profiles and consequently beam ion birth profile; (2) per-
turbation of the fast-ion orbits. The experimental observations
and preliminary analysis is presented here for completeness;
quantifying these effects is an area of ongoing research and will
be presented in a future paper.
4. Comparison to triggered ELMs

The responses discussed in Section 3 are distinct from those
from triggered ELMs. As shown in Fig. 2, the STEP precedes the
ELM by several milliseconds. The STEPs are generally symmetric
in time, while the Da and USXR responses to a triggered ELM have
a fast onset and slow decay. The magnitude of the change in the Da,
Prad, and USXR signals is larger during a triggered ELM. In addition,
the effects are observed in each USXR and bolometer chord, not
localized to the outer channels. Triggered ELMs generally result
in measurable changes in global quantities, such as electron and
carbon density, kinetic stored energy, and total radiated power.
In addition, the triggered ELM response appears to be superim-
posed over the responses described in Section 3a, e.g., the increases
in the Da and USXR signals occur before the ELM is triggered. The
effects described in Section 3.2 are independent of the triggered
ELMs.
5. Discussion and summary

The application of non-axisymmetric field amplitudes below
the ELM triggering threshold results in regular, distinct responses
measurable by several edge, SOL, and divertor diagnostics. Each
STEP produces effects that suggest an increase in edge transport,
e.g., increases in Da and USXR emission and increased ion satura-
tion current measured by divertor probes. The split flux patterns
to the divertor plates are intensified during a STEP, as measured
by divertor cameras and probe arrays. This effect is interpreted
as an augmentation of the strike point splitting due to error fields,
i.e., the existing lobe structure in the magnetic field is filled in by
the increased transport into the SOL. Ideally the 3D field pulses
would be used to provide density control and prevent impurity
accumulation while avoiding the triggering of ELMs. The tested
pulse trains, however, did not result in significant changes to the
global plasma quantities. While most of the effects appear to be
localized to the plasma edge, the n = 3 pulses may also affect the
core plasma as indicated by the concurrent modulation of high fre-
quency MHD modes and reduction in the neutron production rate.
These latter effects are currently under investigation by means of
full-orbit simulations.
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